Hematophagous female mosquitoes transmit numerous devastating human diseases, including malaria, dengue fever, Zika virus, and others. Because of their obligatory requirement of a vertebrate blood meal for reproduction, these mosquitoes need a lot of energy; therefore, understanding the molecular mechanisms linking metabolism and reproduction is of particular importance. Lipids are the major energy store providing the fuel required for host seeking and reproduction. They are essential components of the fat body, a metabolic tissue that is the insect analog of vertebrate liver and adipose tissue. In this study, we found that microRNA-277 (miR-277) plays an important role in regulating mosquito lipid metabolism. The genetic disruption of miR-277 using the CRISPR-Cas9 system led to failures in both lipid storage and ovary development. miR-277 mimic injection partially rescued these phenotypic manifestations. Examination of subcellular localization of FOXO protein via CRISPR-assisted, single-stranded oligodeoxynucleotide-mediated homology-directed repair revealed that insulin signaling is upregulated in response to miR-277 depletion. In silico target prediction identified that insulin-like peptides 7 and 8 (ilp7 and ilp8) are putative targets of miR-277; RNA immunoprecipitation and a luciferase reporter assay confirmed that ilp7 and ilp8 are direct targets of this miRNA. CRISPR-Cas9 depletion of ilp7 and ilp8 led to metabolic and reproductive defects. These depletions identified differential actions of ILP7 and ILP8 in lipid homeostasis and ovarian development. Thus, miR-277 plays a critical role in mosquito lipid metabolism and reproduction by targeting ilp7 and ilp8, and serves as a monitor to control ILP7 and ILP8 mRNA levels.
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microRNA | insulin | metabolism | reproduction | mosquito B lood-feeding mosquitoes are the deadliest animals in the world, transmitting numerous pathogens of dangerous human diseases, causing approximately 1 million human deaths annually worldwide. Aedes aegypti transmits arboviruses causing dengue fever, yellow fever, chikungunya, and Zika virus (1) (2) (3) (4) . An obligatory blood meal is not only the link between human and mosquito hosts in the pathogen's life cycle, but also an evolutionary adaptation of mosquitoes for rapid egg development (5) . A single female mosquito has the potential to lay 150 eggs in each gonotrophic cycle. Regarding energy use, reproduction is a costly process, and there is an inevitable trade-off with lipid storage and use because animals mobilize their lipid reserves during reproduction (6) (7) (8) (9) . Therefore, a thorough understanding of the relationship between lipid metabolism and reproduction at the molecular level is of particular importance for the development of novel and effective approaches to controlling mosquito-borne diseases.
Impaired reproduction is associated with increased lipid stores; for example, removal of ovaries causes fat body hypertrophy and lipid accumulation in a variety of insects (10) (11) (12) (13) . The fat body, an equivalent of mammalian liver and adipose tissue, is the central depot of nutrients and energy reserve and plays an essential role in intermediary metabolism and reproduction in insects (14, 15) . Lipid, the major component of the fat body, is stored as droplets in the cytoplasm (16, 17) . During reproduction, lipid reserves are mobilized as the major source of metabolic fuel (18) . In A. aegypti, blood-triggered reproduction requires an extremely high amount of energy. Indeed, 50% of the lipid store derived from the larval diet persists into adulthood in females (19) . In addition, 50% of dietary glucose is converted into lipids and stored in the fat body (19) . Regular sugar meals before blood feeding provide female mosquitoes with sufficient lipid stores to carry out gonotrophic cycles (20) . For example, during the first cycle, 80% of the lipids found in eggs originate from sugars (21) . The molecular pathways linking reproduction and lipid metabolism require further investigation, however.
MicroRNAs (miRNAs), endogenous, small, noncoding RNAs, complex with Argonaute (AGO) proteins and target gene mRNAs to inhibit translation or promote mRNA degradation (22) . In animals, the majority of miRNA target sites are found in 3′ UTRs with canonical seed matching. Recently, mounting evidence indicates that some "noncanonical seed" miRNA target sites are highly functional, and that miRNAs can also bind to the coding sequence (CDS) and 5′ UTR of mRNAs (23) (24) (25) (26) . Consequently, miRNAs have emerged as important gene regulators in a broad range of biological processes in animals and plants via miRNAmRNA interactions.
In obligatory blood-feeding mosquitoes such as A. aegypti, the gonadotrophic cycle is divided into two phases, posteclosion (PE) and post-blood meal (PBM). Female mosquitoes undergo preparation for subsequent blood feeding during the PE phase. A blood meal activates numerous processes and genes in reproductive
Significance
Hematophagous female mosquitoes transmit devastating human diseases. Owing to their obligatory blood feeding, they require an extremely high level of lipid metabolism for reproduction. We found that microRNA-277 (miR-277) plays a critical role in lipid metabolism of Aedes aegypti mosquitoes. The genetic disruption of miR-277 using the CRISPR-Cas9 system showed impairment of both lipid storage and ovarian development. Insulin/FOXO signaling was up-regulated after miR-277 depletion. Comprehensive screening and functional identification revealed that insulin-like peptides ilp7 and ilp8 are direct targets of miR-277. CRISPR-Cas9 depletions identified differential actions of these ILPs in lipid accumulation and utilization. Thus, miR-277 serves as a monitor that controls ILP7 and ILP8 mRNA levels to maintain the lipid homeostasis required for reproduction.
organs and tissues, leading to rapid egg development during the PBM phase (5, 27) . In previous studies, we identified a number of genes implicated in the blood meal-associated signaling cascades essential for blood digestion, yolk protein synthesis, and ovarian development (28) (29) (30) (31) (32) . In the present study, we demonstrate that miR-277 plays a key role in connecting lipid metabolism and reproduction in female mosquitoes. Abnormal lipid store responses to miR-277 depletion indicate that it participates in regulation of lipid deposition and mobilization. Importantly, we found that miR-277 acts on the insulin-signaling pathway by targeting insulin-like peptides ilp7 and ilp8, affecting energy homeostasis and reproductive function. Thus, miR-277 serves as a monitor to control ilp7 and ilp8 transcription levels in the head, maintaining lipid homeostasis and permitting an extremely high metabolism level in the fat body after blood feeding for rapid egg development.
Results
Spatiotemporal Expression Profile of miR-277 in the Female Mosquito.
Our previous study of transcriptome-wide miRNA and target gene dynamics showed that miR-277 potentially contributes to metabolic homeostasis (31) . Before our functional exploration of miR-277 in the A. aegypti mosquito, we determined the distribution of mature miR-277 among different tissues using quantitative real-time PCR (qRT-PCR) analysis. The results show mature miR-277 expression mainly in the heads of mosquitoes (Fig. S1A ). While in other tissues (fat body, ovary, gut, and Malpighian tubule), its levels were low both before and after a blood meal. We then investigated the time course expression of mature miR-277 in heads from the larval stage until 72 h PBM, when the first batch of eggs is formed. The abundance of mature miR-277 in heads was low during the larval stage, but increased significantly in pupae, reaching its peak by 72 h PE; it then decreased by 1.6-fold at 24 h PBM and maintained this level thereafter (Fig. S1B) . These results suggest that the high expression of miR-277 in the head may play an important role in tuning the expression of head-specific genes.
Mutation of miR-277 by CRISPR-Cas9 Causes Severe Defects in Primary Follicle Formation and Lipid Accumulation. To further investigate the role of miR-277 in mosquitoes, we generated miRNA-specific mutations using the CRISPR-Cas9 system, a highly efficient genome-editing method. This method can achieve accurate recognition and cleavage through the Cas9 endonuclease, activated directly by base-pairing a synthetic single guide RNA (sgRNA) to the target genomic region. We designed an miR-277-specific sgRNA to develop an miRNA-targeted genomic mutation in A. aegypti. At first, the miR-277-specific sgRNA was designed by scanning the miR-277 mature region for the protospacer adjacent motif (PAM) of NGG (the recognition site for Streptococcus pyogenes Cas9), where N represents any nucleotide, and 20 bases of complementarity was required for targeting accuracy, excluding the PAM (Fig. S1C ). We next investigated potential off-target effects of sgRNA using several publicly available bioinformatics tools and found no off-target sites, demonstrating a high specificity of this sgRNA. A guanine was then added to the 5′ end of the 20-bp base-pairing sequence to facilitate transcription by T7 RNA polymerase.
Embryos were injected with a mixture of sgRNA (40 ng/μL) and recombinant Cas9 protein (333 ng/μL). The ratio has been optimized for compromise between high mutagenesis and high survival rates in A. aegypti (33) . Approximately 41% of injected embryos survived to adulthood and were screened for phenotypic manifestations. First, the mosquitoes survived from larvae to adulthood with normal timing of metamorphosis, lifespan, and sex ratio (females:males, 60:63). Second, Sanger sequencing revealed highly polymorphic mutations at the mature sequence and flanking regions of the miR-277 locus, demonstrating successful genomic destruction by CRISPR-Cas9 (Fig. 1A) . We dissected the miR-277 mutant mosquitoes to evaluate the ovarian development at 72 h PE and 24 h PBM, and found that 60% of these females displayed inhibited ovarian development. Examination of ovaries at 72 h PE revealed very small primary follicles that completely disappeared, and ovaries melanized by 24 h PBM ( Fig. 1B and Fig.  S2 ). In a previous study, we found that ovarian development was not affected by use of CRISPR-Cas9 for kynurenine 3-monooxygenase (32); thus, the observed phenotypes likely originated from genetic depletion of miR-277.
To evaluate the effect of miR-277 in regulating metabolism, we stained the lipid droplets in fat body cells with Nile red and found them to be dramatically smaller than those in the wildtype (WT) controls at 72 h PE and 24 h PBM ( Fig. 1C and Fig.  S3 ). In addition, there was a highly significant difference in triacylglyceride (TAG) levels in WT control and miR-277 mutant mosquitoes at 24 h PBM, with enhanced lipid depletion in the latter ( Fig. 2A) . On the other hand, accumulation of sugar reserves in the form of glycogen was nearly normal (Fig. 2B) . The miR-277 mutants generated by CRISPR-Cas9 highlight a crucial role of this miRNA in ovarian development and lipid homeostasis.
To verify whether miR-277 depletion is the authentic trigger of the defects in ovarian development and lipid storage, we conducted phenotypic rescue experiments using miR-277 mimic in sgRNA-injected female mosquitoes. Results showed recovery of ovaries (with follicles capable of accumulating considerable amounts of yolk proteins) and increased lipid stores in the fat body cells relative to that seen in the miR-277 group depleted with CRISPR-Cas9 (▵miR277) (Fig. 3) . The adverse phenotypes caused by genomic disruption of miR-277 were alleviated after miR-277 mimic injection, strongly supporting a critical role of miR-277 in the development of ovarian primary follicles and lipid homeostasis in the fat body.
Increasing Nuclear Export of FOXO in Response to miR-277 Depletion.
The insulin/FOXO signal transduction pathway is known to affect lipid storage (34) . A conserved mechanism during FOXO signaling is downstream activation of the PI3K-Akt axis, which results in phosphorylation of FOXO after insulin treatment, leading to cytoplasmic retention and inhibition of its nuclear transcriptional activity (35, 36) . To identify a potential link between the FOXO molecular pathway and the lipid storage defect created by miR-277 deletion, we determined subcellular localization of FOXO protein in fat body cells by means of CRISPR-assisted, singlestranded oligodeoxynucleotide (ssODN)-mediated homologydirected repair (HDR). We designed specific sgRNAs targeting the vicinity of the stop codon of the FOXO gene (Fig. 4A) . We also designed corresponding ssODNs (199 bases; Table S1 ) to integrate the human influenza hemagglutinin (HA) tag sequence into the genome just upstream of the FOXO stop codon (Fig. 4A ). These constructs (300 ng/μL Cas9 protein, 40 ng/μL miR277-sgRNA, 40 ng/μL FOXO-sgRNA, and 125 ng/μL ssODNs) were introduced into mosquito embryos (n = 2,000) by microinjection. Approximately 9.5% of individuals (n = 190; females, n = 96) survived to adulthood.
We performed immunostaining of fat bodies (dissected from the mutants with undeveloped ovaries at 24 h PBM; n = 59) using anti-HA antibody. In the stained fat bodies, 28.8% (n = 17) of cells were positive with observed HA signals, suggesting successful induction of HDR. In fat bodies of experimental animals, immunofluorescence signal was localized in the cytoplasm and excluded from the nucleus, unlike in the control group (injected with a mixture of 300 ng/μL Cas9 protein, 40 ng/μL FOXOsgRNA, and 125 ng/μL ssODNs), indicating that miR-277 depletion increases the nuclear export of FOXO protein in fat body cells (Fig. 4B) . We also performed DNA sequencing of the PCR amplicons of the targeted locus, and found that the HA tag sequence was integrated, as expected (Fig. 4C) . Taken together, these results suggest that miR-277 plays a role in controlling the activity of FOXO signaling for reproduction and lipid metabolism in the female mosquito fat body.
ilp7 and ilp8 Are the Direct Targets of miR-277. ILPs are key regulators of metabolism and reproduction (37, 38) . Using qRT-PCR, we found that at 24 h PBM, ilp7 and ilp8 transcripts were significantly enriched in the heads of ▵miR277 female mosquitoes compared with WT controls (Fig. 5A) . In contrast, other ilp genes were not affected (Fig. S4) . To verify whether ilp7 and ilp8 are the direct targets of miR-277 in female mosquito heads, we performed an RNA immunoprecipitation (RIP) assay with the antibody against A. aegypti AGO 1 (anti-AGO), the key component of the RNA-induced silencing complex that mediates miRNA-induced mRNA degradation. The results showed that both ILP7 and ILP8 mRNAs were significantly enriched in the anti-AGO-immunoprecipitated RNAs from heads of mimic miR-277-injected female mosquitoes relative to the control samples (Fig.  5B) . Furthermore, using in silico tools (PITA, RNAhybrid, microTar, and miRanda), we found that miR-277 had binding sites only in the CDSs of ilp7 and ilp8 (Fig. 5C) . We assessed the binding sites for its response to miR-277 in vitro. The sites were cloned separately downstream of the Renilla translational stop codon of the psiCheck-2 vector. When transfected into Drosophila Schneider 2 (S2) cells along with the miR-277 mimic, the ilp7 and ilp8 reporters yielded 59.18% and 62.97% luciferase activity, respectively, compared with control samples (Fig. 5D ). Taken together, these data strongly suggest that ilp7 and ilp8 are miR-277 direct targets.
To investigate the roles of ILP7 and ILP8 in ovarian development and lipid storage, we used the CRISPR-Cas9 system to disrupt ilp7 and ilp8. We first designed the sgRNAs and introduced them into embryos (n = 500) with Cas9 protein (Fig.  6A) . Approximately 36% of embryos injected with ilp7-sgRNA and 40% of those with ilp8-sgRNA survived to adulthood. Our DNA sequencing results showed the successful genomic deletion of target genes (Fig. 6A) . To analyze the possible impact on ovarian development, we dissected ovaries from the mutants at 72 h PE and 24 h PBM, and found that almost one-half (40 of 86) of ▵ilp7 females showed defects, with partially developed ovaries having small but recognizable primary follicles, while 48 of 95 ▵ilp8 females had more severe inhibition of primary follicle formation (Fig. S2) . Following blood feeding, primary follicles of ▵ilp7 females deposited yolk proteins, in contrast to those of ▵ilp8 females, which melanized (Fig. 6B) . We also performed lipid droplet Nile red staining of mutant and WT female mosquitoes and examined them at 72 h PE and 24 h PBM, and also measured TAG levels. Lipid stores in the fat bodies were dramatically increased in ▵ilp7 mutants, but decreased in ▵ilp8 mutants, compared with WT controls (Figs. 6C and 7A and Fig. S3 ). Interestingly, glycogen levels exhibited the opposite trend, being depleted in the fat body of ▵ilp7 mutants and highly elevated in that of ▵ilp8 mutants compared with WT controls (Fig. 7B) .
We then performed qRT-PCR to monitor transcript levels of ilp7 and ilp8 in female mosquitoes, and found that both ilp7 and ilp8 transcripts were specifically expressed in mosquito heads (Fig. S5A) . In the head, the abundance of ilp7 was elevated after the larval stage and peaked at 72 h PE, declining after blood feeding, whereas ilp8 was increased after the pupal stage and peaked after blood feeding (Fig. S5B) .
Discussion
Lipid is the major form of energy storage in animals, and the metabolism of lipids provides most of the large amount of energy required during reproduction (18) . In Culex quinquefasciatus, ∼90% of the energy used by embryogenesis originates from lipids (39) . In A. aegypti, ∼80% of lipids found in eggs are derived from regular sugar meals before blood feeding (21) . In this study, we have demonstrated that miR-277 regulates lipid metabolism by fine-tuning the expression of ilp7 and ilp8, thereby controlling the energy shift required in initiation of ovarian development during gonotrophic cycles. Our previous study showed that in female A. aegypti mosquitoes, lipid stores increased dramatically at 72 h PE to shift lipid homeostasis toward the storage of energy reserves for subsequent reproduction (40) . In Drosophila (41) and Caenorhabditis elegans (42), insulin/FOXO signaling regulates the transcription of genes involved in lipid catabolism and anabolism. Using the CRISPR-Cas9 system, we generated the miR-277-depletion mutations in A. aegypti mosquitoes and observed severe defects linked to lipid storage and ovarian follicle formation in females. More than one-half of the G 0 females were dramatically arrested at the early stages of primary follicle development and lipid droplet growth, suggesting that miR-277 promotes these functions. Moreover, primary follicles undergo complete resorption and melanization at 24 h PBM. However, the miR-277 mimic injection was able to rescue these phenotypic manifestations, indicating the specific effect of miR-277 mutation on lipid storage and primary follicle development. Although the primary follicles were significantly underdeveloped in the CRISPR-Cas9 miR-277 mutants, they developed nearly normally in the presence of miR-277 mimic.
Thus, follicle melanization at 24 h PBM in these mutants could be caused, at least in part, by severe depletion of lipids. Melanization and resorption of primary follicles as a result of nutritional deprivation are well documented in mosquitoes and other insects (43) .
The insulin/FOXO signaling pathway plays an essential role in regulating lipid metabolism and reproduction in animals. In C. elegans, FOXO activates lipid metabolism enzymes in response to germ line ablation (42, 44, 45) . In Drosophila, loss of ILP-producing cells or mutation in the insulin receptor gene results in a significant increase in lipid stores (41, 46, 47) . Female mice lacking insulin receptor substrate 2 have ovaries with a reduced number of follicles, increased food intake, and obesity (48) . In the insulin/FOXO signaling pathway, Akt-mediated phosphorylation of FOXO results in its cytoplasmic retention and inhibition of its transcriptional activity (35, 36) . Thus, the subcellular location of FOXO protein can serve as an indicator of signaling activity leading to lipid accumulation. To verify this hypothesis, we used the recently reported HDR-mediated genome editing method, which allows the introduction of targeted insertion of a sequence encoding an epitope or a fluorescent protein that can provide precise mapping of endogenous proteins with subcellular resolution to understand cellular processes (49) . We have used this approach to evaluate the response of the insulin/FOXO signaling pathway to miR-277-depletion. We observed cytoplasmic retention of FOXO and a dramatic reduction in lipid droplets, suggesting that miR-277 suppresses the activity of insulin signaling in A. aegypti mosquitoes, resulting in lipid mobilization.
Insect ILPs are functional analogs of vertebrate insulin that regulate metabolism and reproduction. Eight ILPs have been described in A. aegypti (50) . Information on functional role is available only for mosquito ILP3, which has been implicated in activation of the late trypsin gene in the midgut and ecdysteroid production in the ovary (51) . In this study, we have described the roles of ILPs 7 and 8 in lipid metabolism and egg development using the genetic approach. Owing to its close proximity, ilp8 is cotranscribed with ilp1 and ilp3 to form polycistronic pre-mRNAs controlled by a single promoter, all of which have independent putative poly-A sites and are capped to generate monocistronic mature mRNAs (50) . We found miR-277-binding sites in the CDS of ilp7 and ilp8 via in silico prediction. Both ilp7 and ilp8 are expressed in the head of larval, pupal, and adult mosquitoes. The depletion of miR-277 increased mRNA levels of ilp8 without affecting ilp1 and ilp3 transcript levels, suggesting that miR-277 targets CDS to flexibly tune the first member (ilp8) of the ILP8-ILP1-ILP3 operon. Subsequent experiments further confirmed that ilp7 and ilp8 are the direct targets of miR-277 in vivo, based on their increased expression in heads of miR-277 depletion mutants, enrichment of the miR-277-ILP7 and miR-277-ILP8 binding complexes by AGO immunoprecipitation, and degradation of binding site-fused reporters by miR-277 mimic in cell lines. In addition, abnormal lipid storage and ovarian development were observed with the depletion of ilp7 or ilp8 mutants. The dramatically increased lipid store in the fat body of ▵ilp7 mutants suggests that ILP7 modulates lipid deposition before a blood meal for egg development. Likewise, the decreased lipid store in ▵ilp8 mutants suggests that ILP8 modulates lipid mobilization. Moreover, we observed that glycogen levels exhibited the opposite trends in these mosquitoes, which could indicate that ILP7 and ILP8 are also involved in regulation of sugar conversion to lipids.
CRISPR-Cas9 mutations of ilp7 and ilp8 affected ovarian development; however, the affects were clearly different. At 72 h PE, in ▵ilp7 mutant ovaries and their follicles were half the size of those in WT at 72 h PE; however, follicles of these mosquitoes reached nearly normal size (compared with WT) at 24 h PBM. These mosquitoes had elevated lipid stores, and their nutritional status could positively affect oocyte development and yolk accumulation by follicles. In contrast, small ▵ilp8 mutant ovaries melanized by 24 h PBM, likely due in part to the severe deprivation of lipids resulting from the lack of sugar conversion in these mosquitoes.
In conclusion, our study has uncovered the essential role of miR-277 in lipid metabolism and ovarian development in A. aegypti using the CRISPR-Cas9 system and mimic rescue experiments. Depletion of miR-277 elevated the activity of insulin/ FOXO signaling, which is an evolutionarily conserved pathway regulating reproduction and metabolism. We have identified ilp7 and ilp8 as direct targets of miR-277, and functional evidence demonstrated that modulation of ilp7 and ilp8 by miR-277 is required for lipid metabolism and ovarian development in mosquitoes. Moreover, this study has revealed differential roles of ILP7 and ILP8 in these essential processes.
Materials and Methods
Mosquito Rearing. Adult A. aegypti mosquitoes were reared at 27°C and 80% humidity in cages with access to 10% (wt/vol) sucrose solution and water, and larvae were reared at 27°C in water with complete larval food, as described previously (29, 52) . Blood feeding of adult mosquitoes was performed using White Leghorn chickens. The use of vertebrate animals was approved by the University of California Riverside's Institutional Animal Care and Use Committee.
RNA Extraction and qRT-PCR. Total RNA was extracted from tissues using TRIzol (Invitrogen) according to the manufacturer's instructions and treated with DNase I (Invitrogen). cDNAs for miRNAs were produced from 1 μg of total RNA using the miScript II RT Kit (Qiagen), with HiFlex buffer used for parallel quantities of miRNA and mRNA. qRT-PCR for mature miRNA was performed using the miScript SYBR Green PCR Kit (Qiagen) according to the manufacturer's instructions. qRT-PCR for mRNA quantification was performed using the QuantiFast SYBR Green PCR Kit (Qiagen). Each sample was measured in triplicate, and relative expression was calculated as 2 −ΔΔCt and normalized with the housekeeping gene RPS7.
Embryonic Injection. sgRNAs were designed as N 20 (NGG) rule and synthesized using the MEGAscript T7 Transcription Kit (Ambion). sgRNAs were purified using the MEGAclear Transcription Clean-Up Kit (Ambion) following the manufacturer's protocol. Cas9 protein with NLS (PNA Bio) was purchased injection-ready and stored as 1 mg/mL reconstitutions. ssODN donors for HDR were designed and synthesized as Ultramer oligos (Integrated DNA Technologies) containing the 27-base HA tag sequence, flanked by homologous arms of 86 bases. Microinjection into preblastoderm embryos was performed with a mixture of sgRNAs (40 ng/μL) and Cas9 protein (333 ng/μL). For HDR, the microinjection components were ssODN donors (125 ng/μL), sgRNAs (40 ng/μL each), and Cas9 protein (300 ng/μL). The ratio was optimized according to previously described protocols (33) . The embryos were injected into the posterior pole at an angle of 10-25°, hatched at 5 d after injection, and were then reared to adulthood according to described protocols (53) . Females were crossed and blood fed for phenotypic analysis. Determination of TAG Levels. TAG levels were measured using the Triglyceride Colorimetric Assay (Cayman) following the manufacturer's instructions. In brief, six mosquitoes were homogenized in 100 μL of Diluent Assay Reagent (Cayman). Then 10 μL of supernatant was incubated with Enzyme Mixture Solution (Cayman). The TAG contents from the measurements were normalized to protein levels in the supernatant of the samples determined using a BCA protein assay (Thermo Fisher Scientific).
Determination of Glycogen Levels. Glycogen levels were measured using the Glycogen Assay Kit (Cayman) following the manufacturer's instructions. In brief, six fat bodies were homogenized in 100 μL of Diluent Assay Buffer (Cayman), and 10 μL of supernatant was incubated with Enzyme Solution and Developer Mixture (Cayman). The of glycogen contents from the measurements were normalized to protein levels in the supernatant of the samples determined using a BCA protein assay (Thermo Fisher Scientific).
RIP Assay. An EMD Millipore kit was used to perform the RIP assay, following the manufacturer's instructions. In brief, dissected heads were collected in ice-cold lysis buffer (EMD Millipore) and crushed using a tissue homogenizer. Magnetic beads were coated with 5 μg of A. aegypti AGO-1 antibody (custom made; GenScript) or normal mouse IgG protein (EMD Millipore). AGO1-bound mRNAs were pulled down from homogenates with AGO1-linked magnetic beads. After digestion with protease K, immunoprecipitated RNAs were released. Finally, the purified RNA samples were used for cDNA synthesis, and target genes were quantified using qRT-PCR.
Computational Prediction and Luciferase Report Assay. Computational target prediction was performed using PITA, microTar, RNAhybrid, and miRanda. The binding sites were inserted into a psiCheck-2 vector (Promega) and located downstream of the Renilla stop codon. Then 100 ng of psiCheck-2 and 100 nM synthetic aae-miR-277 miScript miRNA Mimic (Qiagen) or AllStars Negative Control siRNA (Qiagen) were cotransfected into Drosophila S2 cells (Invitrogen) using FuGENE HD Transfection Reagent (Promega). Cells were cultured at 28°C in Schneider's Drosophila medium (Gibco) containing 10% (vol/vol) heat-inactivated FBS (Gibco) and 1× antibiotic-antimycotic (Gibco). The luciferase activity assay was performed at 48 h after transfection using the Promega Dual Luciferase Reporter Assay System. Each sample was measured in triplicate, and transfections were repeated three times.
Statistical Analysis. All statistical values are presented as mean ± SEM. Means were compared using Student's t test at the following significance levels: *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analyses were performed using GraphPad Prism 6.
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(A) TAG levels in whole mosquitoes. (B) Glycogen levels in fat bodies. Fat bodies were dissected from WT, ▵ilp7, and ▵ilp8 females at 24 h PBM. Data represent three biological replicates with three technical replicates and are shown as mean ± SEM. **P < 0.01; ***P < 0.001. 
